The temporal relationship between the pulsatile patterns of plasma luteinizing hormone (LH) and progesterone (P4) was studied in mid-luteal (ML) and early-pregnant (EP) dairy cows. Blood samples were collected (via external jugular vein cannulae) at 10-rain intervals for 16 h in 5 ML cows (d 10 to 12 of the cycle) and for 10 h in 5 EP cows (d 52 to 56 of gestation). Concentrations of LH and P4 were determined by radioimmunoassays and a time series cross-correlation analysis was utilized to evaluate the temporal relationship between them. A pulsatile pattern was found for both hormones in both groups, and in all animals LH peaks were uniformly followed by P~ peaks. In 80% of the cows in both groups the highest cross-correlation occurred between samples LH (n) and P4 (n+l) (n = sample number), suggesting that a lag time of about 10 rain is necessary for luteal stimulation.
Introduction
Numerous studies have established that luteinizing hormone (LH) is released by the pituitary gonadotrophs in a pulsatile manner, resulting in peripheral blood LH patterns characterized by frequency and amplitude of peaks which are dependent upon species (Dierschke et al., 1970; Butler et al., 1972; Gay and Sheth, 1972; Santen and Bardin, 1973; Rahe et al., 1980) , reproductive status (Blake, 1976; Baird, 1978; Rahe et al., 1980; Backstrom et al., 1982; Little et al., 1982) , age (Estes et al., 1980) and environmental conditions (Minton et al., 1981; Hendricks et al., 1982) . In the cow, LH patterns have been investigated during the estrous cycle (Rahe et al., 1 Journal Paper TA-20180, Texas A&M Univ. Agr. Exp. Sta. ~Present address: Estac~o Experimental de Zootecnia de Sert~ozinho, Instituto de Zootecnia, Sgo Paulo, Brazil. Sponsored by CNPq, Brazil. 3 Dept. of Anita. Sci., Texas Agr. Exp. Sta. Received January 22, 1985 . Accepted July 18, 1985 ) and during various periods of gestation (Little et al., 1982 ; Schallenberger et al., 1983 ) . These results indicated that during the midluteal phase (ML) of the estrous cycle (d 10) and during early pregnancy (EP, d 60), peripheral blood LH patterns appear to reflect a clear episodic release characterized by high amplitude and low frequency of peaks. During the ML and EP stages, LH has been considered to be closely associated with corpus luteum (CL) function and progesterone (Pa) release (Tanabe, 1966; Estergreen et al., 1967; Snook et al., 1969; Carlson et al., 1971) . However, evidence for the existence of oscillators other than LH (e.g., prostaglandins, follicle stimulating hormone, oxytoein) influencing P4 levels has been recently reported (Hixon et al., 1983; Waiters et al., 1984) , raising questions regarding the relative importance of pulsatile LH release upon the momentary functionality of the CL and its transient P4 release. Consequently, the present study was designed primarily to determine if the pulsatile patterns of LH observed during early pregnancy and mid-luteal phase of the estrous cycle stimulates the CL to release P4 in a similar pulsatile 191 J. Anita, Sci. 1986.62:191-198 pattern. Secondarily, it was conducted to compare the relative importance of LH stimulation upon P4 release during the estrous cycle and early pregnancy in catde.
Exp~imental Procedure
Animals. Five Holstein and five Jersey multiparous cows from the Texas A&M University Dairy Center herd were used in this study. Selection was based on regularity of the estrous cycle for the ML group and on the stage of gestation for the EP group. Temperament and parity were also considered as important secondary criteria in the selection process.
All cows in the ML group (Jerseys) were observed for estrus twice daily for a 30-rain period, and only cows that exhibited at least two previous normal estrous cycles (18 to 23 d) were used in this study. Animals were considered in estrus only when they stood to be mounted. Blood samples were collected on d 10, 11 or 12 following the last observed estrus.
Two weeks prior to the beginning of the experiment, cows in the EP group (Holsteins) were confirmed pregnant (d 52 to 56) when examined by palpation per rectum. Further verification of the presence of a normal developing fetus at the time of blood collection was confirmed at d 90.
Cannulation and Blood Collection. One day prior to blood sampling, a silastic cannula was inserted into the external jugular vein through the lumen of a 13-gauge needle. Blood samples were collected at 10-min intervals during 16 h for the ML group and during 10 h for the EP group. Samples were dispensed into heparinized tubes, maintained on ice and centrifuged within 60 rain at 1,000 x g at 5 C. Resulting plasma was aspirated, transferred and stored at -20 C for subsequent LH and P4 radioimmunoassays (RIA).
Quantitation of Plasma LH and Progesterone. Plasma concentrations of LH were quantified by the double antibody RIA technique described by Niswender et al. (1969) and modified by Forrest ctal. (1980) . The antiserum utilized (B-225) was prepared and validated by Dr. G. D. Niswender. Luteinizing hormone values for the EP group were previously reported in a study conducted by Little et al. (1982) . The sensitivity of the LH assay was .1 ng/ml of plasma. Plasma P4 concentrations were determined by RIA as described by Abraham et al. (1971) . The antiserum utilized (PR-2 #28) was developed by Dr. J. L. Fleeger. The sensitivity of the P4 assay was .08 ng/ml of plasma, lntraassay coefficients of variation (C.V.) were 5.5 and 5.6% and the interassay C.V. were 12.0 and 13.6% for LH and P4, respectively.
Statistical Analysis. Time series analysis was used and cross-correlations were calculated to assess'the relationship between levels of LH and P4 at several different time combinations (e.g., LH(n ) and P4(n), LH(n) and P4(n+l), etc.) within each animal (Vandaele, 1983) . Cross-correlation coefficients were calculated by an analysis of every single pair of LH and P4 values in each series regardless of the presence of peaks or valleys, and utilized to establish the time at which LH levels were the best predictors of P4 levels within each animal. Because auto-correlations within either a LH or P4 time series can lead to spurious cross-correlations (Vandaele, 1983 ) the tests for significant crosscorrelations were performed on series that had been transformed by simple autoregressive models of orders one or two as determined by Akaike's information criterion (Chatfield, 1984) . A smoothing spline function (Reinsch, 1967) was utilized to transform discrete plots to continuous plots. The spline transformation (performed after all statistical analyses) was used exclusively for display purposes (figures 1 and 2) and consequently did not interfere with the statistical analysis. Mean comparison t-tests and Pearson's correlation coefficients were calculated according to Snedecor and Cochran (1980) . Definitions. Peak. A hormone peak was defined as any elevation in plasma hormone levels which lasted at least 30 rain (3 samples) and averaged at least 2 SD above basal levels.
Basal levels. Basal hormone levels (BL)were calculated by averaging plasma hormone levels for 1-h period (6 samples) preceding a peak.
Amplitude. The amplitude (AMP) of any peak was equal to the difference between the basal level preceding a peak and the highest value of that peak.
Results
All animals in both groups presented a characteristic pulsatile LH and P4 pattern classified as high amplitude and low frequency, excluding cow ML4 which had a pattern characterized as being of low amplitude and high frequency (figures 1 and 2). This animal was sampled during the lOth day of a long estrous cycle (23 d), which could account for 
, , w , ~ , 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 TIME (h) Figure 1 . Patterns of plasma )uteinizing hormone and pro~:steron 9 in mid-iuteal phase cows (ML). Data were submitted to spline smoothing ~ransformation following the statistical analysis.
this unexpected hormonal pattern. The highest cross-correlation coefficients between LH and P4 levels in both ML and EP groups were observed with samples LH(n ) and P4(n+l) (n --sample number). The two exceptions found were cow ML2, which presented the highest cross-correlation between samples LH(n ) and P4 (n+2) and cow EP2 which showed the highest cross-correlation between samples LH(n ) and P4(n) (table 1) . Luteinizing hormone and P4 mean levels, basal levels, and the amplitude of P4 peaks were different between EP and ML groups (table 2) . However, the frequency of peaks did not differ between groups within hormones or between hormones within a group (table 2) .
Correlation coefficients calculated for the frequency of LH peaks (FLH), frequency of P4 peaks (FP4), mean levels of LH (MLLH), mean levels of P4 (MLP4), basal levels of LH (BLLH), basal levels of P4 (BLP4), amplitude of LH peaks (AMPLH) and amplitude of P4 peaks (AMPPa) for each group are given in table 3. Basal LH levels, MLLH and AMPLH were correlated with some P4 measurements within the ML group, but none of these variables was correlated within the EP group (table 3 ). An analogous analysis considering all animals revealed several significant correlation coefficients between LH and Pa measurements.
Tukey's studentized test performed within each group revealed differences among individual animals for frequency of peaks, mean levels, basal levels and amplitude of peaks of LH and Pa in both EP and ML groups (data not shown).
of our data (figures 1 and 2) that pulses of P4 uniformly follow pulses of LH.
Plasma LH concentrations oscillated in a high amplitude and low frequency manner as previously described by Rahe et al. (1980) for ML cows and by Little et al. (1982) for EP cows. Animal ML4 was the only cow to exhibit a LH pattern classified as being a low amplitude and high frequency, which is characteristic of animals in early luteal phase (Rahe et al., 1980) . A comparison of the length of the cycle with the day of collection suggests that this animal could have been in the early luteal phase at the time of blood collection. Such a hypothesis is supported by the low P4 values found in this animal (table 2) .
The occurrence of the synchronized patterns of LH and P4 suggests that a precise, cyclic and continuous feedback mechanism may exist within the hypothalamic-hypophyseal-ovarian axis. Data from both groups in this study suggest that stimulation of luteal tissue by a LH peak results in a P4 peak in about 10 min. This is followed by a decay in the LH peak, which appears to cause a decline in luteal stimulation ML3 or to sampling at incongruent times (dephased ML4 peak time and collection time), or even caused ML5 by influence of other hormones that may also participate in the LH and P4 feedback mechanism in cattle (Ireland and Roche, 1982; Schallenberger et al., 1983) . We have no clear explanation as to why the relationship (using time series analysis procedures) of LH and P4 in this study varies from that reported by Hixon et al. (1983) . However, it is evident from both the time series analysis and visual appraisal .001
a Cross-correlauon between LH(n ) and P4(n+l) (10 rain was the average time necessary for luteal response to LH stimulation).
bin cow EP2 the highest cross correlation (.26) was between samples LH(n ) and P4(n) (less than 10 min response).
Cln cow ML2 the highest cross correlation (.27) was between samples LH(n ) and P4(n+2) (about 20 min response). ii- and consequent decrease in P4. When 1)4 levels reach a minimum threshold value in which their inhibitory action on the hypothalamus to release luteinizing hormone-releasing hormone and(or) on the pituitary to release LH are removed, another LH peak seems to occur and it initiates a new cycle.
Although most data in both groups support the above explanation, such a mechanism is obviously simplistic. It assumes that the adre nals do not secrete significant amounts of P4, which seems to occur in ovariectomized cows (Rahe et al., 1979) , but this possible source of P4 remains controversial in pregnant animals (Wendorf et al., 1983) . It also assumes that LH is the major hormone involved in P4 release from luteal tissue, which may not be true according to some investigators (Foster et al., 1980; Sehallenberger et al., 1983; Hixon et al., 1983) . Moreover, we cannot exclude possible parity or breed effects, but this was not determined in this study.
Differences in mean and basal levels and in amplitude of peaks of P4 were found between ML and EP groups. However, even among animals considered to be in the same physiological condition (ML or EP groups), LH and P4 patterns did not show homogeneity. Consequently, it was not possible to establish a general model describing hormonal patterns for ML and EP groups (data not shown). Frequency of LH and P4 peaks was considered equal between ML and EP groups (table 2) . Studies with an extended blood collection period, however, are likely to reveal higher frequencies of LH and P4 peaks in pregnant animals. Conversely, within groups, LH peaks were uniformly followed by 1)4 peaks. This observation supports the general concept that although other factors may be involved, LH and 1)4 seem to be the major hormones associated with CL function in ML and EP cows.
Differences in correlation coefficients between ML and EP groups suggest that the conceptus alters the axial relationship (hypothalamus-pituitary-ovary) found in ML cows. The existence of a luteotropic agent produced by the conceptus could be the main cause for such alteration and also explain some of the apparently controversial findings in the present study. Such a substance, acting in combination with LH would permit the close temporal association between LH and P4 peaks (figure 2) and concomitantly impair the relationship between mean levels, basal levels and amplitude of peaks of LH and P4 which was absent in pregnant animals (table 3) . Indeed, recent studies conducted by Godkin et al. (1983) and Martal et al. (1984a,b) have demonstrated a significant association between conceptas proteins, CL function and 1'4 release in ruminants. The ability of the conceptus to produce a substance possessing paracrine actions and capable to stimulating P4 release from placental origin during early gestation independent of LH stimulation is also an attractive possibility. Since it has been demonstrated that CL removal during early gestation induces abortion in cows unless P4 replacement treatment is administered (Tanabe, 1966; Estergreen et al., 1967) , it is possible that maintenance of early pregnancy requires P4 from both luteal and placental sources. Such a concept also satisfactorily explains the results of close temporal association between LH and P4 peaks (figure 2) and impaired correlation coefficients between LH and P4 measurements in EP cows (table 3) . However, several other possibilities such as alteration of free P4 levels due to changes in protein binding also could be important factors influencing the LH and P4 feedback mechanism in EP cows. Confirmation of any of these hypotheses will require specific and detailed investigations.
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